A new method is reported to form metal nanoparticles by sputter deposition inside a reactive ion etching chamber with a very short target-substrate distance. The distribution and morphology of nanoparticles are found to be affected by the distance, the ion concentration, and the sputtering time. Densely distributed nanoparticles of various compositions were fabricated on the substrates that were kept at a distance of 130 m or smaller from the target. When the distance was increased to 510 m, island structures were formed, indicating the tendency to form continuous thin film with longer distance. The observed trend for nanoparticle formation is opposite to the previously reported mechanism for the formation of nanoparticles by sputtering. A new mechanism based on the seeding effect of the substrate is proposed to interpret the experimental results.
I. INTRODUCTION
In the past years, metal nanoparticles were intensively investigated due to their unique magnetic, 1,2 catalytic, [3] [4] [5] [6] and optical [7] [8] [9] properties. Both chemical and physical methods have been developed to prepare nanoparticles with various compositions. Typically, in chemical approaches, 1, 6, 9 metal nanoparticles were obtained by reducing the metal compounds to form well-dispersed colloidal solutions with the presence of stabilizers to prevent aggregation of the nanoparticles. One problem with the chemical methods is the inevitable introduction of byproducts which require subsequent purification steps after the synthesis. Several types of physical methods were also used to fabricate metal nanoparticles, such as sputtering, 3, [10] [11] [12] [13] [14] evaporation, [15] [16] [17] laser ablation, [18] [19] [20] ion ejection, 21 and electron-beam lithography. 22 Among the physical methods, sputter deposition has better capability to fabricate refractory metals and intermetallic compounds than evaporation and laser ablation. 13 The sputtering equipment are less expensive than electron-beam lithography systems. Because the atom vapor is typically generated from targets of pure materials, nanoparticles created by sputtering usually contain fewer impurities in the composition than those created by chemical methods. And since the different target materials can be sputtered simultaneously, it is able to produce alloy nanoparticles with easier control on composition than the corresponding chemical reduction methods, in which metal ions are reduced in multiple steps for their different reduction potentials. Therefore, sputtering has been widely studied and applied as a primary physical method for the production of metal nanoparticles.
Based on the same principle as sputtering of metal thin films, several parameters can be modified to generate metal nanoparticles, including the gas species, the target-substrate distance, the chamber pressure, the substrate temperature, and the sputtering time. [23] [24] [25] Kaatz et al. 10 reported the formation of Mo nanoparticles using a sputtering process with a target-substrate distance of about 9 cm. Chow and co-workers 11, 12 synthesized Mo nanocrystals in an Al layer by sputtering. In the study, they created a temperature gradient by cooling the substrate with liquid nitrogen and thus obtained an enhanced deposition rate. It is found that the formation of nanoparticles instead of a continuous film on the substrate was attributed to the high pressure of the chamber. According to their explanation, at a pressure of several millitorrs ͑ϳ0.1 Pa͒, the estimated mean free path of the sputtered species is 5 cm. If the distance between the target and the substrate is 7 cm, the sputtered atoms arrive at the substrate without experiencing many collisions, resulting in the formation of continuous films on the substrate. On the other hand, if the pressure is increased to 0.1 Torr ͑13.3 Pa͒, the mean free path for the sputtered specie is reduced to approximately 500 m, which substantially increases the collisions between atoms. The sputtered atoms will then rapidly condense and subsequently grow into nanoparticles in the vapor before they reach the substrate. A similar nanoparticle formation mechanism was also proposed by Hahn and Averback 26 They suggested that the typical pressure to form nanoparticles is 10 2 -10 3 Pa, which is several orders higher than the operating pressures used in normal sputter processes ͑10 −1 -10 −2 Pa͒. They found that a dc/rf magnetron sputter coater operated at the millibar ͑ϳ10 2 Pa͒ range can produce nanoparticles of 5-20 nm. It was also demonstrated that a shorter deposition time is an effective factor to promote the formation of GaAs nanoparticles 27 instead of a continuous film.
In the present study, metallic nanoparticles were deposited on different substrates in a reactive ion etching ͑RIE͒ chamber by keeping the target and the substrate at a very short distance, which is substantially less than the mean free path of the target atoms. The target in this reported process could be simply a piece of metal foil or metal thin films. Since the deposition was limited to a small area, the target material could be used more efficiently. The possible mechanisms and the major factors on the formation of nanoparticles are discussed. Figure 1 schematically illustrates the setup of the deposition process. The experiments were carried out in a March Jupiter II RIE system. The primary target used was a 15 ϫ 15 mm 2 brass foil ͑alloy 260, Cu: Zn= 70: 30, Precision Brand Products, Inc.͒ with parallel openings of 50 ϫ 1000 m 2 patterned by laser cutting. For comparison, we also employed several other types of targets consisting of Cu, Al, and Cr. Glass slides from Fisher Scientific were used as the substrates. The substrate and target were positioned on top of the bottom electrode of the RIE chamber, which was connected to the rf power. The target and the glass substrate were either piled together or kept at a distance that can be adjusted by a spacer. The target was either positioned above ͓Fig. 1͑a͔͒ or below ͓Fig. 1͑b͔͒ the substrate. Besides glass substrate, metal and plastic foils were also used as the substrate materials for comparison. The sputtering process was performed with SF 6 gas at a flow rate of 20 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ under the pressure of 0.130 Torr. A 50 W rf power at 13.56 MHz was used to ionize the gas for various sputtering times. The generated negative F − ions will then hit the metal target ͑for example, brass, Cu, Al, or Cr͒ to create atoms vapor. As a result, deposition of metal nanoparticles on the glass substrate will occur afterward. Several factors on the formation of nanoparticles such as different target-substrate distances, gas flow rates, sputtering times, and the types of target metals were used in the present study.
II. EXPERIMENTAL
A Hitachi S-4700 field-emission scanning electron microscope ͑FE-SEM͒ and a Veeco Dimension 3000 atomic force microscope ͑AFM͒ were used to study the microstructures of the deposited materials. Compositions and chemical states of the Cu-Zn nanoparticles were analyzed by a Kratos Ultra Axis DLD x-ray photoelectron spectroscopy ͑XPS͒ system using a monochromated Al source with an energy resolution of about 0.5 eV.
III. RESULTS AND DISCUSSIONS

A. Nanoparticles distribution and composition
Figure 2͑a͒ is a FE-SEM image taken from a glass slide after ion sputtering has been performed by placing a brass foil target directly on top of it. In this case, a minimum target-substrate distance was defined by the surface roughness of both the substrate and the target. It shows that the areas around the openings are brighter than the rest of the substrate surface. A close inspection of the bright areas ͓as shown in Fig. 2͑b͔͒ reveals the formation of densely distributed particles of tens of nanometers in such areas. In contrast, less dense nanoparticles were dispersed in the dark areas ͓Fig. 2͑c͔͒. Since the area around the slots is brighter than the rest of the sample, the deposited nanoparticles should be more conductive than the glass substrate. Therefore, the composition of nanoparticles is speculated to be mainly metal. The AFM phase image of the same sample ͓Fig. 2͑d͔͒ also suggests that the particles and the glass substrate are composed of different materials.
In order to confirm that the observed nanoparticles are not merely the display of the surface roughness of glass surface, a comparative study was performed by replacing the brass target with a piece of glass slide. The distance between 
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the two glass slides was 130 m. All the process parameters were kept the same as those described in the experimental part. In this case, the F − ions in the gap only function on the glass surface and the obtained surface roughness change is shown in Fig. 3͑b͒ , which exhibits the different morphology from the nanoparticles in Fig. 3͑a͒ obtained by sputtering deposition with a brass target. Figure 4 shows XPS spectra collected from the nanoparticles. The existence of Cu and Zn elements on the substrate surface was verified by the peaks at 950 ͑Cu 2p 1/2͒ and 930 eV ͑Cu 2p 3/2͒ in Fig. 4͑a͒ , as well as 1043 ͑Zn 2p 1/2͒ and 1020 eV ͑Zn 2p 3/2͒ in Fig. 4͑b͒ . The ratio between Cu and Zn obtained by quantifying the spectra is around 71:29, which is close to the composition of the brass target specified by the supplier.
B. The factors affecting the formation of the nanoparticles
Four major factors were investigated to reveal their impact on nanoparticle formation, including the target-substrate distance, the ion concentration, the deposition time, and the types of target material being used. Figure 5 shows the trend of nanoparticle morphology with the varied distance, under the same deposition condition described above. When the target is directly placed on the substrate, the distance between the target and the substrate is estimated to be in the range of several micrometers, since the peak to valley roughness of the target ͑R pv ͒ is 5 m measured by a profilometer. The AFM image of the sample deposited at this distance shows densely distributed nanoparticles ͓Fig. 5͑a͔͒. By increasing the distance to 130 m, the distribution of the sputtered nanoparticles becomes much sparser. Further increasing the distance to 510 m, island structures instead of nanoparticles are obtained. Therefore, increasing the distance between the target and the substrate tends to form thin film instead of nanoparticles. This trend is different from those observed in the previous studies, 11, 12 where larger distance between the target and the substrate facilitated the formation of nanoparticles.
AFM images in Figs. 6͑a͒ and 5͑b͒ show the comparison between the deposition results under different SF 6 flow rates. The figures indicate that a higher flow rate resulted in a higher number density of nanoparticles. This can be explained by the increased amount of F − ions to bombard the target surface and knock off metal atoms. The process of Fig.  6͑c͒ employed the same SF 6 flow rate as that of Fig. 6͑b͒ while positioning the target below the substrate ͓the configuration shown in Fig. 1͑b͔͒ . The observation indicates that the deposition process is nondirectional. However, fewer nanoparticles are formed in the latter case, which can be attributed to the fact that the substrate blocks the F − ions and reduces the effective ion concentration, since the area ratio between the target and the substrate is about 1:3. Figure 7 shows AFM images of nanoparticles after deposition for different time periods with other parameters remaining the same during the processes. It indicates that the influence of deposition time on the particle sizes is significant. After deposition of 1 min, the size of the particles is below 10 nm. However, the size of the particles increases to 30-50 nm after 5 min of deposition. On the other side, the number density does not change significantly with the deposition time. The observation indicates that the nanoparticles were grown from some nuclei rather than ejected from the target directly or formed in gas phase before reaching the substrate.
In order to verify that the deposition method is generic, alternative targets with different types of metals are tested, including Cu, Al, and Cr thin films of over 100-nm-thick deposited on glass slides. The distance between the target and the substrate was always kept at 130 m for comparison. The deposition results are shown in Fig. 8 
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show that all of the metals being tested can form nanoparticles but with different characteristics in sizes and number densities.
C. Mechanism for the nanoparticles formation
The above observations suggest that the reported deposition process forms nanoparticles with a mechanism different from conventional sputtering methods, where the nanoparticles are generated in the gas phase due to the collisions between the atoms being sputtered. Formation of nanoparticles can be facilitated by either increasing the distance between the target and the substrate or decreasing the mean free path of the atoms being sputtered, which is defined as
where k B is the Boltzmann constant, T is the temperature, p is the pressure, and d is the diameter of the atoms being sputtered. According to Eq. ͑1͒, the mean free path of the atoms can be reduced by either increasing the pressure or decreasing the temperature, two factors that are commonly utilized in the previous research to form nanoparticles instead of continuous metal thin films. Under the reported deposition condition ͑130 mTorr and room temperature͒, the mean free path of the atoms being sputtered is estimated to be about 800 m. When the distance between the target and the substrate is much smaller than 800 m, no nanoparticles should be deposited by the previously reported sputtering mechanism. However, an opposite trend is observed in our experiments. As shown in Fig.  5 , nanoparticles were formed at a distance substantially shorter than the mean free path, while island structures were obtained when the distance was increased. Therefore the nanoparticles are not likely to be formed in the gas phase before they arrive at the substrate under the reported condition.
Furthermore, AFM analysis did not show the formation of densely distributed nanoparticles on the surfaces of metal ͑Al, Cu, and Cr͒ and polystyrene substrates under the same process condition. Therefore, the deposition process is also affected by the materials of the substrate. The reason for no nanoparticles being formed on metal substrates might be attributed to the simultaneous sputtering on the substrate surfaces which generates the resistant atoms. After the similar sputter deposition process, no significant amount of Cu or Zn element has been observed on the metal substrate by XPS analysis. It is therefore speculated that the metal atoms from the target were hindered by external force to reach the metal substrate. A possible reason is the large amount of metal atoms sputtered from the substrate, which could form a dense atom cloud and prevent the target atoms from accessing the substrate surface by collisions. For the polystyrene substrate, the F − ions tend to fluorinate the polymer instead of bombarding the surface. Within the range of their mean free path, the atoms could not form nanoparticles on the substrate surface without the presence of nuclei. Neither metal nor plastic were providing the seeds for the formation of metal nanoparticles.
By contrast, it is known that the F − ions can both chemically etch and physically bombard the glass substrate, which increases the roughness of the substrate surface. Small amount of atom clusters are knocked out from the surface to provide the seeds for metal atoms to nucleate and grow into nanoparticles. From another angle, the increased surface energy of the substrate facilitates nucleation of the metal atoms by enhancing the adsorption during the initial impingement of vapor atoms. 28 After the small metal clusters are formed, the surface energy of the clusters turns to have a major effect on the subsequently sputtered atoms. Therefore, they tend to condensate on the surface of the nuclei to accelerate the growth of nanoparticles instead of being adsorbed to the substrate surface to form the thin film. Similar to the metal target, the newly formed metal nanoparticles are also possibly bombarded by the reactive ions to generate atom vapor around them, which traps the subsequently sputtered atoms from the target to increase the volume of the particles. When the equilibrium between the adsorption and desorption of the atoms on the surface of the particles is achieved, the metal particles grow to a certain size between 30 and 50 nm.
It should be noticed that separate nanoparticles were not found to be formed when the target-substrate distance is increased to longer than 510 m in our experiments. The reason is conjectured to be related to the repellence between atoms by electrostatic force. It is known that the F − negative ions around the rf electrode are dispersed in the vacuum space. The short distance between the target and the substrate reduces the probability for the sputtered atoms to collide with these F − negative ions in the space. With a longer dis- tance ͑e.g., 510 m͒, the atoms get more chance to combine with the ions. As a result, the negatively charged atoms tend to repel each other when they are traveling or just arrive at the substrate surface. As a result, they can hardly aggregate to form nanoparticles. This speculation is supported by the XPS results that show a plenty of fluorine on the substrate after the deposition. Therefore, the short distance plays an important role in generating the nanoparticles instead of continuous thin films. It is thus concluded that the two basic factors are determining the formation of nanoparticles: the seeding effect of the substrate surface and neutrality of the atoms.
IV. CONCLUSION
Metal nanoparticles were fabricated in a RIE chamber by keeping the target and the substrate at a very short distance. The distribution and morphology of the nanoparticles were found to be dependent on the distance, the deposition time, the ion concentration, and the target and substrate material. Nanoparticles of an alloy ͑brass͒ and several kinds of metal ͑Al, Cu, and Cr͒ were prepared and characterized. Evidences were shown to support that the nanoparticles are grown around the seeds formed by bombarding the surface of the substrate. The seeding effect of the substrate surface and the atom neutrality are speculated to be the two essential factors to ensure the formation of nanoparticles. Based on the reported technique, a cost-effective nanofabrication method might be developed to prepare nanoparticles and incorporate them into functional devices.
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